A small subset of HIV-1 infected individuals, the "Elite Controllers" (EC), can control viral replication and restrain progression to immunodeficiency without antiretroviral therapy (ART). In this study, a cross-sectional transcriptomics and targeted proteomics analysis were performed in a well-defined Swedish cohort of untreated EC (n = 19), treatment naïve patients with viremia (VP, n = 32) and HIV-1-negative healthy controls (HC, n = 23). The blood transcriptome identified 151 protein-coding genes that were differentially expressed (DE) in VP compared to EC. Genes like CXCR6 and SIGLEC1 were downregulated in EC compared to VP. A definite distinction in gene expression between males and females among all patient-groups were observed. The gene expression profile between female EC and the healthy females was similar but did differ between male EC and healthy males. At targeted proteomics analysis, 90% (29/32) of VPs clustered together while EC and HC clustered separately from VP. Among the soluble factors, 33 were distinctive to be statistically significant (False discovery rate = 0.02). Cell surface receptor signaling pathway, programmed cell death, response to cytokine and cytokine-mediated signaling seem to synergistically play an essential role in HIV-1 control in EC.
Introduction
A small subset of human immunodeficiency virus type 1 (HIV-1) infected individuals, the "Elite Controllers" (EC), can control the virus and restrain progression to immunodeficiency without antiretroviral therapy (ART). It has been suggested that EC can hold the key to how a functional HIV-cure can be reached. Strict criteria have been used for defining EC and only b0.5% of the HIV-infected population fulfill such criteria, e.g., known HIV-1 positivity for ≥ 10 year with none or very few episodes of viremia and stable CD4 + T cell counts (Olson et al., 2014) . However, we hypothesize that EC still is a heterogeneous group as a result of that several definitions exists (Olson et al., 2014) which is illustrated by the claim that EC also can develop acquired immunodeficiency syndrome (Deeks and Walker, 2007) .Therefore, we suggest that an even more strict definition of EC should be applied to minimize the bias of false phenotypic classification ).
Genome-wide association studies (GWAS) have tried to identify the background for HIV control. Multiple independent polymorphisms have been defined within the HLA and CCR5-CCR2 locus that together explains~25% of the observed variability in viral load (McLaren et al., 2012; Pereyra et al., 2010; McLaren et al., 2015) . Apart from the HLAs, the AIDS restriction genes (ARGs) like CCR5-Δ32 (rs333), CCR5 59029G (rs1799987), and SDF1-3′A (rs1801157) that have been reported to have a strong association with disease control (Poropatich and Sullivan, 2011; O'Brien and Nelson, 2004) . Though understanding about HIV-1 disease progression was generated, the studies were not designed to assess the impact of the full spectrum of functional variants within coding regions. Recent research has shown that several GWAS hits have no specific biological relevance to disease (Boyle et al., 2017) . Most of the earlier studies trying to elicit the mechanism of disease progression and control in HIV have focused on specific predefined molecules or pathways, thereby ignoring the systemic, interconnected, immunological programs that are associated with individual immune defense mechanisms.
Gene expression data from EC are limited, mainly derived from the CD4 + T cells. Using low-throughput TaqMan® Low-Density Arrays (TILDA) assay, elevated levels of Schlafen-11 were identified as a signature in T cells of the EC, as one of only 34 genes tested (Abdel-Mohsen et al., 2013) . Another study using high throughput RNA sequencing on CD4 + T cells from EC did not reveal an entirely distinctive mRNA expression pattern (Rotger et al., 2010) . Further transcriptome analysis of EC in a third recent study reported that seven genes were differentially expressed in EC compared to healthy controls. Notably, the gene encoding for macrophage inflammatory protein 1α (MIP-1α), a natural ligand for CCR5, was found to be upregulated . However, as the immune system is a complex, adaptable system and specific immune cells are dependent upon each other for stimulations and inhibition (Kaczorowski et al., 2017) , analysis of single cell population may not reveal the complete picture. Therefore, to understand the underlying mechanisms, which ensure that disease progression is prevented in EC, a comprehensive analysis of clinical phenotypes coupled to genetics and biomolecular mechanisms is required. The rapidly increasing accessibility of genetic and biomolecular expression data from new high-throughput technologies is the foundation to shift the traditional phenotypefirst approach to explorative genetic or molecular data-first approaches. In this study, we aimed to explore a comprehensive analysis of host transcriptomics and proteomics data coupled to clinical phenotypes in a well-defined Swedish EC cohort with up to 20 years of clinical follow-up data.
Materials and Methods

Patients
Whole peripheral blood was obtained between 2014 and 2016 from three categories of individuals; an unbiased cohort of untreated HIV-1-infected EC (n = 19), treatment naïve patients with viremia (VP, n = 8), and HIV-1-negative persons (HC, n = 14). Viral load was below detection limit (b20 copies/mL) in all EC at the time of sample collection. Peripheral blood mononuclear cells (PBMCs) were isolated using density gradient centrifugation. For the proteomics profiling, additional plasma samples were obtained from therapy naïve patients with viremia (n = 24) and HIV-1-negative persons (n = 9) from the InfCareHIV cohort at the Karolinska University Hospital, Huddinge collected between 2010 and 2016. The EC was defined as known HIV-positivity more than a year and ≥3 consecutive viral load b75 copies/ml over one year (and all previous VLs b1000 cp/ml) and known HIV-1 positivity ≥10 years and minimum two VL-measurements (≥ 90% of all VLs b400 copies/ ml). Group characteristics of the patient-categories are presented in Table 1 . The individual characteristics of ECs have been given elsewhere .
The study was approved by regional ethics committees of Stockholm (2013 Stockholm ( /1944 ). All participants gave informed consent. The patient identity was anonymized and delinked before analysis. The complete study design is illustrated in Fig. 1. 
RNA Sequencing (RNA-Seq)
Total RNA was extracted from PBMCs using RNeasy Mini (Qiagen, Hilden, Germany) according to the manufacturer's protocol and the RNA quality was determined by Agilent RNA 6000 p kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). The mean and SD RIN value was 8.85 (0.94). The library preparation, and RNA-Seq, were performed at the National Genomics Infrastructure, Science for Life Laboratory, Stockholm, Sweden. The libraries were prepared from 100 ng of total RNA samples using Illumina TruSeq® Stranded mRNA Library Prep Kit with poly-A selection following manufacturer's guidelines. The clonal cluster amplification was carried out with Illumina cBOT System. The pooled libraries were sequenced on HiSeq2500 (HiSeq Control Software 2.2.58/RTA 1.18.64) with a 2 × 126 setup using 'HiSeq SBS Kit v4' chemistry. The Base call (Bcl) files to FastQ conversion was performed using bcl2fastq from the Illumina's Consensus Assessment of Sequence and Variation (CASAVA) software suite (Illumina, US).
Data Processing
The quality control of raw sequencing reads was performed with FastQC, (www.bioinformatics.babraham.ac.uk/projects/fastqc/). The reads were then aligned to the human reference genome GRCh37 Ensembl release 75 using Tophat v2.0.4. Gene-level count data was generated using Htseq v2.0.4 to summarize read counts for each gene. Counts per million (CPM) for protein-coding genes and non-protein coding transcripts were generated using edgeR , and the CPM were log transformed to reduce the sequencing depth differences among the libraries. Transcripts with CPM value b0.5 in the whole group of minimal sample size were discarded to remove transcripts that were not expressed at a biologically meaningful level in any condition. Fragments per kilobase of transcript per Million mapped reads (FPKMs) were generated using cufflinks/2.2.1 (http://cufflinks. cbcb.umd.edu/).
Clustering Analysis
To analyze the similarities and dissimilarities between the samples, unsupervised principal component analysis and clustering analysis were performed using PlotMDS function in the Limma (linear models for microarray data) R package (Ritchie et al., 2015) to generate Multi-Dimensional Scaling plot (MDS). Heatmap of hierarchical clustering of the samples was generated by calculating the matrix of Euclidean distances from the logCPM to examine the relationships between samples. 
Differential Expression (DE)
The data were normalized to eliminate composition biases between libraries. The calcNormFactors function in edgeR, which uses Trimmed Mean of M-values (TMM) method, was executed for the normalization (Robinson and Oshlack, 2010) . The normalized CPM was transformed to logCPMs using voom function in Limma package while taking into account the mean-variance relationship in the data (Law et al., 2014) . The voom transformation data was used for differential expression (DE) analysis using Limma R package. Transcripts with adjusted P-value (FDR) b0.05 were selected as significantly differentially expressed. Transcripts with a log 2 -fold-change value greater than two were considered as upregulated and those with less than minus two as downregulated.
Variant Calling and HLA Typing
Variant calling was performed using the uniquely mapped duplicate-removed data to obtain unbiased variant frequency calls using Genome Analysis Tool Kit (GATK version 3.7). The duplicates are defined as the paired-end reads where both mates map to the same genomic positions. First, the local realignment was performed around insertion-deletions (indels) to correct mapping-related artifacts to minimize the chances of false positive calling to obtain the bam files. Corrected bam files were further used for Base Quality Score Recalibration (BQSR) using BaseRecalibrator module, which resulted in more accurate base qualities, to improve the accuracy of the variant calls. The report on callable loci was considered for the variant discovery. Finally, variant discovery was performed by UnifiedGenotyper module. The module used Bayesian genotype likelihood model to call the variants. HLA-typing was performed using seq2HLA_ver2.2 (Boegel et al., 2015) .
Gene Ontology (GO) Annotation
The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (http://string.embl.de/) was used to identify known and predicted interactions among the differential expressed genes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. Gene ontology (GO) term biological process was only considered with FDR b 0.05. Further gene functions were cross-checked with Uniprot (Pundir et al., 2017) by using the in-house script.
Targeted Proteomic Profiling of the Plasma Soluble Factors
Plasma samples were analyzed using the proximity extension assay (PEA). Based on the GO annotation of the transcriptomics data we have selected the Olink® Immuno-oncology panel (Olink Bioscience AB, Uppsala, Sweden) (Assarsson et al., 2014) . This panel includes 92 proteins. The protein analysis is reported as normalized protein expression levels (NPX), which are Ct values normalized by the subtraction of values for extension control, as well as an inter-plate control. The scale is shifted using a correction factor (normal background noise) and reported in Log 2 scale (Berggrund et al., 2016) . We further validated the co-relation between protein concentrations in log 2 picogram/mL with NPX, using ELISA targeted for three soluble factors CXCL10, TRAIL and IL-12 (R&D Systems, US) ( Supplementary Fig. S1 ). Cross-sectional blood samples from HIV-1-infected EC (n = 19), treatment naïve patients with viremia (VP, n = 8), and HIV-1-negative persons (HC, n = 13) were obtained for transcriptomics study. Additional plasma samples were obtained from therapy naïve patients with viremia (n = 24) and HIV-1-negative persons (n = 10) for the proteomics profiling. The data analysis plan for transcriptomics and proteomics study is shown. The figure for the PEA was kindly provided by Olink AB, Sweden.
Statistical Analysis
Demographics and the characteristics of patients were compiled with descriptive statistical methods. We used the χ 2 test to compare groups' categorical data. The Mann-Whitney U test (between two groups) and the Kruskal-Wallis test (for more than two groups) were used to compare continuous data. The protein levels in the proteomics study were compared using the Mann-Whitney U test between two groups. P values b0.05 and b0.001 were shown and considered significant.
Data Visualization
Venn diagram was created using InteractiVenn (Heberle et al., 2015) . The differential profile (heatmap) of the soluble factors (proteome) was analyzed using Qlucore Omics Explorer version 3.2. CIRCOS plot was used to visualize the circular plot of up and downregulated genes, SNPs and HLA typing (Krzywinski et al., 2009 ).
Data Availability
RNAseq raw sequencing data along with sample level metadata have been deposited in the NCBI/SRA Web service. Data can be accessed using BioProject accession number PRJNA420459.
Results
Class I HLA Typing and AIDS Restriction Genes
We first characterized EC concerning class I HLA typing and variant calling in the AIDS restriction genes (ARGs) that have been reported to have a strong association with disease control (Poropatich and Sullivan Jr., 2011; McLaren et al., 2012; Pereyra et al., 2010) . Several protective HLA I alleles were identified in EC ( Supplementary Fig. S2 ). Within the EC, 63% (12/19) had at least one protective allele (A*25:01, A*74:01, B*14:02, B*27:05, B*42:01, B*51:01, B*57:01, B*57:03, B*58:01, and B*81:01), of whom four had two alleles. However, some EC also had disease-susceptible HLA alleles (B*07:01, B*08:0, B*35:03, and B*53:01). The single nucleotide polymorphism (SNP) in the HLA C region rs9264608, which has been shown to have an independent protective effect, was observed in 21% (4/19) of EC and 12% (1/8) of VP, but not in HC.
While analyzing ARGs, CCR5-Δ32 (rs333), CCR5 59029G (rs1799987), and SDF1-3′A (rs1801157) polymorphisms were not identified in any of the samples. However, HCP5 rs2395029, an SNP in the non-protein coding region, was observed in three of the EC. The Caucasian who was positive for the HCP5 rs2395029 was also positive for HLA B*57:01.
Differential Expression (DE) Analysis
DE analysis was carried out to study the transcript (protein-coding and non-protein coding) expression profile of PBMCs from the HIV-1 infected patients compared to the HC. Bias in the gender of the patients was observed in the unsupervised principal component analysis (Fig.  2a) . The heatmap of the top 500 significant differentially expressed transcripts showed similar clustering of the samples (Fig. 2b) . DE analysis was performed in two ways; one with gender differentiation and another one without. DE without gender differentiation gave rise to 11 differentially expressed transcripts in EC compared to HC, 421 in VP compared to EC, and 1048 in VP compared to HC (Fig. 2c) . Out of the 11 differentially expressed transcripts in EC compared to HC, eight were protein-coding genes. Similarly, there were 270 protein-coding genes among the 421 differentially expressed transcripts in VP compared to EC, and 688 protein-coding genes among the 1048 transcripts in VP compared to HC. The corresponding numbers of non-protein coding transcripts were thus three in EC compared to HC, 151 in VP compared to EC, and 360 in VP compared to HC. This data indicates that EC is more similar to HC than to VP regarding the host gene expression profile. Among the unique transcripts (n = 40) (Fig. 2c) in the Venn diagram, 22 were protein-coding genes that were differentially expressed between EC and VP only. Among them, CXCR6 and SIGLEC1 were downregulated in EC. The differentially expressed transcripts between EC and VP and the Venn annotation are given in Supplementary data 1.
Gender-specific DE Analysis
A separate DE analysis was performed in response to the genderspecific difference observed. Samples of the EC and the HC were categorized into males (EC_M: n = 10; HC_M: n = 7) and females (EC_F: n = 9; HC_F: n = 6) prior to analysis. The results of the DE are represented as volcano plots (Fig. 3a-d ). There were 17 up-regulated and six downregulated transcripts in male HC when compared with female HC. However larger differences were observed in male EC over female EC with 24 upregulated and 74 downregulated transcripts. Interestingly, no DE transcripts were found in female EC compared to female HC. In contrast, 53 upregulated and 33 downregulated transcripts were identified in male HC when compared with male EC. A total number of differentially expressed transcripts in all comparisons is represented in Venn diagram (Fig. 3e) .
Further, the transcripts were classified into protein-coding and nonprotein coding. Out of 98 differentially expressed transcripts in female EC compared to male EC, 51 transcripts were protein-coding, and 47 transcripts were non-protein coding. Similarly, in male EC compared to male HC, 29 differentially expressed transcripts were proteincoding, and 57 transcripts were non-protein coding. Also in female HC compared to male HC, 12 protein-coding transcripts and 11 nonprotein coding transcripts were differentially expressed. The differential expression data for all the comparisons is given in supplementary data 2. The network analysis in STRING with 38 proteins that were upregulated in female EC compared to the male EC identified a prominent protein-protein interaction (PPI) with 13 proteins (p = 0.0002) including JUN, FOS, FOSB, and SOCS1 (Fig. 3f ) in nine pathways that were shown to be significantly enriched. The functional enrichments in the network identified by KEGG are given as supplementary data 3. Among the nine pathways osteoclast differentiation (no of genes = 5; FDR = 0.001), TNF signaling pathway (no. of genes = 4; FDR = 0.004) and Toll-like receptor signaling pathway (no. of genes: 3; FDR = 0.026) were significantly enriched.
Pathway Analysis of Protein-coding Genes
As EC and HC showed a similar transcriptomic profile, we restricted our pathway analysis to protein-coding genes (n = 270) that were differentially expressed in EC compared to VP to understand the potential biological pathways associated with those genes. The functional enrichments identified by gene ontology (GO) revealed that 37 biological processes were significantly associated with the gene sets (Supplementary  data 4) . Based on the biological significance, cell surface receptor signaling pathway (GO.0007166) had the maximum number of genes (n = 44; FDR = 0.046) (Fig. 4) . There were several genes identified in this process that was also present in the pathways related to programmed cell death (GO.0012501; FDR = 0.029), response to cytokine (GO.0034097; FDR = 0.046), or cytokine-mediated signaling (GO.0019221; FDR = 0.017) (Fig. 4) . From these genes, we further compared the SNPs among the three groups of individuals EC, HC, and VP. Several SNPs in genes like CCR5 (rs1800874 and rs746492), CXCL10 (rs8878), and CXCL11 (rs13130018, rs10003382, and rs13130221) were present at low frequency in EC, but not in VP. Given the small number of identified SNPs, we did not perform any statistical analysis. The rs2234358-T allele in CXCR6 has been significantly associated with long-term nonprogression (LTNP), but not with EC status (Limou et al., 2010) . In our cohort, we identified a higher proportion of this allele in VP (75%, 6/8) compared to EC (27%, 5/19).
Proteomic Profiling of the Plasma Soluble Factors
Based on the GO annotation of the transcriptome, we selected 92 soluble factors belonging to the Olink® Immuno-oncology panel. The panel constitutes 52 proteins involved in cell surface receptor signaling pathway (GO.0007166), 27 in programmed cell death (GO:0012501), 24 in response to cytokine (GO.0034097) and 20 in cytokine-mediated signaling (GO.0019221) (Supplementary data 5) . Among the 92 proteins, 82 were detectable in N50% of the samples and were further used for the analysis. Multi-group analysis by ANOVA identified clustering of 90% (29/32) of VPs together while EC and HC clustered separately from VP, but intermingled with each other (Fig. 5) . Among the factors, 33 were distinctive to be statistically significant at a false discovery rate (FDR) adjusted p (q) = 0.02. When proteins were compared individually between groups, a less stringent cut-off of p b 0.05 was applied as significantly different. Protein levels of 61 out of 82 analyzed soluble factors were significantly different between at least two of the patient groups. In Fig. 6 , Normalized Protein Expression (NPX) in VP, EC, and HC is shown for 12 selected soluble factors of which five belong to the chemokine family. Chemokine ligands that share the same receptor were concurrently increased or decreased when compared between the three groups. CCL4 and CCL7 that both binds to CCR5 showed significantly higher levels in EC compared to VP. CXCL9, CXCL10, and CXCL11 are ligands of CXCR3 and significantly decreased levels were observed for all ligands in EC compared to VP. Among the 61 significantly different soluble factors, there were six members of the Tumor Necrosis Factor Super Family (TNFSF) and five members of the Tumor Necrosis Factor Receptor Super Family (TNFRSF). These protein families are involved in pathways regulating apoptosis, inflammation, cellular differentiation, and antiviral state (Kumar et al., 2013) . The soluble protein levels of TNFSF5 and TNFRSF5 (CD40L/CD40) were both significantly increased in EC while CD27 and CD70 were decreased, suggesting that downstream pathways could also be affected. Interestingly, ligands for death receptors TNFSF6 (FasL), TNFSF10 (TRAIL), and TNFSF12 (TWEAK) did not show concomitant expression patterns between the groups. While EC had lower levels of FasL and TRAIL compared to VP (significantly) and HC (significantly for FasL, but not for TRAIL), TWEAK was significantly decreased in VP and EC compared to HC, but no significant difference was observed between the EC and VP. The cell surface receptor PD-1, an immune checkpoint that also promotes apoptosis in immune cells (Bardhan et al., 2016 ), but does not belong to the TNFSF family, showed a similar pattern as TRAIL; levels were significantly increased in VP compared to both EC and HC. 
Discussion
In this study, the high-throughput proteo-transcriptomics analysis was performed using a well-defined Swedish HIV-1 EC cohort. More than half of the EC had a previously reported protective allele, including B*57:01 and B*57:03. In contrast, SNPs in AIDS restriction genes (ARGs) were not detected which thus may not play any significant role in the viral control in EC. Overall the EC and HC possessed similar gene expression profiles with only 11 differentially expressed transcripts (proteincoding and non-protein coding). However, sharp gender-specific differences were observed. In our GO analysis of EC compared to VP, 37 biological processes were identified that were significantly associated with gene sets and same genes are shared by multiple candidate pathways forming interactome among the pathways.
More than half of our EC (n = 12) had an HLA-allele that is considered protective in HIV-1 disease, most frequently HLA-B alleles (9/12). This is not surprising since HLA-B is known to be strongly associated with delayed disease progression (Goulder and Walker, 2012 ). In contrast, other known protective SNPs in ARGs (O'Brien and Nelson, 2004 ) (CCR5-Δ32, CCR5 59029G, SDF1-3′A) were not detected implicating that their impact on viral control might not be as crucial as observed with HLA alleles.
Clustering analysis of our transcriptomics data revealed a definite distinction in gene expression between males and females among all patient groups. Surprisingly, the transcriptomic profile between female EC and healthy females were similar, whereas gene expression did differ between male EC and healthy males. Differences between healthy males and females could mostly be explained by the X-and Y-linked genes. However, differentially expressed genes between male and female EC were extended outside sex-linked genes, indicating that after HIV-1 infection sex-specific processes occur that could play a part in different mechanisms of HIV-1 control. Among the unique differentially expressed genes between male and female EC were JUN, FOS, FOSB, and SOCS1. The former three genes encode for transcription factors that can dimerize with each other or with other members of the FOS and JUN families to form the AP-1 transcription factor complex. This complex can in a dynamic, multifaceted network be activated by a variety of stimuli and regulate transcription of a plethora of genes involved in various biological processes, such as immune activation in leukocytes (Chinenov and Kerppola, 2001; Hess et al., 2004) . SOCS1 is a negative immune regulator that offers negative feedback to the JAK/STAT pathway, which regulates cytokine signaling (Starr et al., 1997) . Dysregulation of SOCS1 is associated with immune exhaustion in chronic infections, like hepatitis C virus and HIV-1 (Frazier et al., 2010; Zhang et al., 2011; Miller et al., 2011; Sachdeva et al., 2017) . Since persistent immune activation is considered a driver for HIV-1 disease progression (Lawn et al., 2001; Khaitan and Unutmaz, 2011) , changes in SOCS1 expression levels could, therefore, be involved in establishing EC phenotype. Gender-specific differences in HIV-1 infection and systemic acute innate responses could shape the dimension of persistent immune activation in the chronic stage of infection (Markle and Fish, 2014; vom Steeg and Klein, 2016; Griesbeck et al., 2016) . We speculate that these gender-specific differences are one of the determining factors for whether an individual becomes EC or not. Indeed, the proportion of females within EC is higher compared to other groups of HIV-infected individuals (Crowell et al., 2015; de Azevedo et al., 2017 ). Despite extensive data on the male and female difference on disease outcome, research does not sufficiently take gender into account. Altogether, our study showed that it would be important to carefully consider gender in cohort design for future transcriptomic and intervention studies on HIV-1 patients.
Previous studies have suggested numerous correlates associated with HIV disease progression including the impaired response of innate and adaptive immune functions, increased plasma/serum levels of proinflammatory cytokines and chemokines (Peretz et al., 2012) . The transcriptomic analyses revealed that the differentially expressed gene (DEG) profile of EC closely resembles that of HC. However, there were unique differences in gene expression between EC and VP. Interestingly, both CXCR6 and SIGLEC1 were among the 22 protein-coding DEGs. The chemokine receptor CXCR6 is expressed by various subsets of leukocytes and mediates leukocyte adhesion and migration through its exclusive ligand CXCL16 (Wilbanks et al., 2001) . Interestingly, CXCR6 is considered as a minor co-receptor for HIV-1 entry into T lymphocytes and a polymorphism within CXCR6 (rs2234358) correlates to HIV-1 control in long-term non-progressors (Liao et al., 1997; Limou et al., 2010) . Although this SNP was absent in our EC cohort, CXCR6 gene expression was significantly downregulated in EC compared to VP. SIGLEC1 is expressed by myeloid cells and encodes for the sialic acid binding cell surface protein sialoadhesin, which is involved in the regulation of several immune responses (Hartnell et al., 2001; Pulliam et al., 2004; Crocker and Redelinghuys, 2008; Martinez-Pomares and Gordon, 2012) . Furthermore, macrophages and dendritic cells (DCs) can bind pathogens such as HIV-1 through sialoadhesin, internalize virions into virus-containing compartments and mediate cell-to-cell transmission (Pino et al., 2015; Hammonds et al., 2017) . Increased SIGLEC1 expression in PBMCs, which is most likely restricted to the myeloid population, could, therefore, contribute to increased HIV-1 transmission and larger HIV-1 latency reservoir size. Since both CXCR6 and SIGLEC1 were uniquely differentially expressed between VP and EC and not between VP and HC, downregulation of both genes in EC could point to a mechanism of increased HIV-1 control in EC caused by decreased susceptibility of T lymphocytes for HIV-1 entry and declined HIV-1 cell-to-cell transmission mediated by myeloid cells.
The proteomic profile of plasma strongly co-related with the transcriptome profile. Among the factors tested was the chemokine CCL4 (MIP-1β), which is an HIV-suppressive factor produced by CD8 + T cells (Cocchi et al., 1995) . It acts as a competitor for the viral binding site (Blanpain et al., 1999) . The CCL4 levels were increased in EC compared to VP in our cohort as observed earlier . CCL7 (MCP-3) also binds to CCR5, albeit with low affinity, but has not been shown to have anti-HIV-1 activities (Blanpain et al., 1999) . However, CCL7 levels were also increased in EC compared to VP in our cohort. The levels of three other chemokines CXCL9, CXCL10, and CXCL11 which all binds CXCR3, were increased in VP compared to both EC and HC. Our finding concerning CXCL10 is consistent with earlier studies (Jacobs et al., 2017) . This inflammatory factor is considered to be a biomarker of chronic immune activation and as a marker for disease progression during HIV infection. It has recently been reported to suppress T cell and NK cell function in HIV-infected patients (Mhandire et al., 2017; Wang et al., 2017) .
Immune checkpoints molecules regulate the responses to selfproteins upon invading infection. The PD1-inhibitory pathway limits the activity of T cells and other immune cells. Blocking this pathway is, therefore, a strong candidate not only in cancer treatment but also in HIV infection where clinical trials have been conducted (Bardhan et al., 2016; Gay et al., 2017; Pardoll, 2012; Velu et al., 2015) . Interestingly, the levels of both PD-1 and its ligand PD1-L2 were significantly lower in EC compared to VP assuming that downstream signaling is also decreased in this study group. Levels of both CD27 and CD27L (CD70), were increased in VP, but not in EC, compared to HC. This has been claimed to result in impaired IgG responses and exhaustion of T cells, which further need experimental validation (Beishuizen et al., 2009; Tesselaar et al., 2003) . Also, in our cohort CD40 signaling seemed to be downregulated in VP compared to EC and HC as levels for both CD40 and CD40L were low in VP compared to HC and EC though it contradicts earlier studies (Jenabian et al., 2014; Kaltenmeier et al., 2015) . This reduced CD40L and increased CD70 signaling might contribute to immune dysregulation in HIV-infected individuals.
Death receptor ligands FasL (TNFSF6), TRAIL (TNFSF10), and TWEAK (TNFSF12) were also included in our analysis. Regarding the fact that they regulate similar signaling pathways, it is interesting that their level between study groups differs. Fas-signaling is assumed to be one of the reasons for depletion of infected and uninfected lymphocytes during infection (Kumar et al., 2013; Cummins and Badley, 2010) . It is somewhat surprising that we could not confirm this higher level of FasL in VP compared to HC in our cohort. However, FasL was decreased in EC compared to VP and even compared to HC, suggesting that the virus might not induce Fas/FasL signaling and lymphocytes might be less sensitive to this signaling as observed earlier (Dianzani et al., 2003) . Our findings for TRAIL were also in agreement with earlier studies where elevated levels are seen in VP compared to HC (Herbeuval et al., 2005) . Interestingly, TRAIL-induced apoptosis has also been found in infected and uninfected bystander T cells, offering another possible explanation for T cell depletion in HIV-infected patients (Herbeuval et al., 2005; Kumar et al., 2013; Cummins and Badley, 2010) . As for FasL, TRAIL levels in EC were significantly lower compared to VP. Taking together our observations in EC and findings in previous studies, downregulation of Fas and/or TRAIL signaling mediated by FasL and/or TRAIL blocking antibodies could be promising in HIV treatment in order to maintain number and function of immune cells (Lichtner et al., 2004; Herbeuval et al., 2005; Poonia et al., 2009 ). In contrast to those two death receptor ligands, TWEAK levels were found to be significantly lower in VP compared to HC, which has been reported earlier (Beltran et al., 2014) , and levels in EC were in between those of VP and HC. Reduced soluble TWEAK plasma levels have been described in other inflammatory diseases like rheumatoid arthritis or atherosclerosis, but so far it is unknown which mechanisms are responsible for this decrease in HIV-infected patients. 5 . The plasma soluble factor profiles using hierarchical clustering analysis. The number of samples included in the analysis were VP (Orange, n = 32), EC, (light green, n = 19) and HC (dark greenn = 23). The analysis was performed at a stringent false discovery rate (FDR) adjusted p (q) b0.001 using ANOVA using the normalized protein expression levels (NPX). In the heatmap, Red: high NPX, blue: low NPX.
Our study has a few limitations that merit comments. First, although our research included the highest number of EC as compared to earlier reports (Abdel-Mohsen et al., 2013; Rotger et al., 2010; Walker et al., 2015) despite using the strict criteria, the number of samples used for the transcriptomics study were relatively low. Second, a targeted approach was employed for the proteomics studies, which does not provide a complete picture of the proteomic profile. Finally, this is a hypothesis-generating explorative study. Future detailed mechanistic studies of individual pathways will dissect the actual role of each pathway in the immune control of HIV-1.
In conclusion, our data point to one of the potential mechanisms of HIV-1 control in EC; decreased susceptibility of T-lymphocytes for HIV-1 entry and decreased HIV-1 cell-to-cell transmission mediated by myeloid cells. Further, combining the gene expression and plasma proteomics profile of the soluble factors strongly implicate that cell surface receptor signaling pathway, programmed cell death, response to cytokine and cytokine-mediated signaling play synergistically an essential role in HIV-1 control in EC. After carefully considering gender in the cohort analysis, future detailed trans-omics studies could potentially indicate a precise biomarker profile of natural HIV-1 control that could be of clinical benefit or target for therapy.
